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A near ab initio potential energy surface for the H2 + o2 + 2HD 
four-body exchange reaction was calculated using a perfect pairing 
valence-bond formalism for various geometies. The results indicate that 
the saddle point (lowest barrier height) for the system compatible with 
a four-body mechanism is achieved in the square configuration with the 
magnitude of the barrier height energy in close agreement with prior 
full molecular-orbital self-consistent-field configuration-interaction 
(MO-SCF-CI) studies. This value, however, is not in good accord with 
the experimental activation energy for the four-body exchange reaction 
and possible reasons for the discrepancies are discussed such as o2 im-
purities in experimental studies and vibrational excitation mechanisms. 
The results of the perfect-pairing VB calculations for a "Y" to "T" to 
"Y" reaction pathway for the four-body exchange, which an extended 
Huckel calculation indicated was a very plausible one, showed that such 
a reaction pathway could not yield an activation energy in accord with 
the experimental results. 
The quantum mechanical potential energy surfaces for the 
LiH + H ~ Li + H2 and LiH + D + LiD + H were found as a function of 
various probable reaction geometies using a valence bond (VB) formalism 
with ionic terms representing the ionic character of the LiH bond in-
cluded. This was done for the doublet spin state of the (Li,H,H) sys-
2 
tern. Mulliken's approximation is used to simplify three center inte-
grals and two center exchange integrals. The linear configuration for 
the LiH + H + Li + H2 gave the lowest barrier height energy of all the 
configurations tested. The linear barrier height energy was in good 
agreement with previous studies. The PES for the LiH + D + LiD + H re-
0 
action showed a slight potential well for H-Li-D bond angles of 180 to 
90°. This is an artificat of the VB method from the use of Mulliken's 
approximation. Overall the VB method showed good agreement with a full 




Purpose of Investigation and General Remarks 
The H2 + o2 + 2HD reaction is of considerable interest to both 
theoretical and experimental chemists in that, it is the simplest illus-
tration of an elementary gas phase kinetic process in which two atoms 
(H and D) are exchanged in the collision of a pair of molecules (H2 ,o 2). 
Therefore, it is the prototype of more complicated bimolecular exchange 
reactions, if indeed, this exchange reaction does proceed thru a four-
body intermediate. To relate experimental kinetic data on this system 
to theoretical values and mechanistic models, an accurage quantum 
mechanical potential-energy surface (PES) for the (H2 ,o 2) system is 
needed. This study is involved with the calculation of such a surface 
for the H2 + o 2 pathways. 
The purpose of this work is to calculate a near ab initio quantum 
mechanical PES for the (H2 ,o2) system for various geometries and deter-
mine the geometry of the saddle-point along with its corresponding 
energy, in order to ascertain whether these values are compatible with 
the observed activation energy for the exchange process. Two and three-
dirnensional potential-energy contour maps are given for various geome-
tries of the (H2 ,o2) system. The surfaces and selected energy values 
are critically compared with other quantum mechanical methods for 
4 
5 
obtaining such a surface. Special emphasis is given to comparing the 
surfaces for a Y+'!'+Y type reaction intermediate geometry (1) for the 
(H2 ,o2) system with one calculated from less stringent theoretical con-
cepts (2). 
Theoretical calculations of experimentally determinable quantities, 
such as activation energy and rate constants, need an accurate quantum 
mechanical PES in order to be evolved from absolute rate (3) or quasi-
classical trajectory analysis (4,5). This PES is especially needed in 
the region of the saddle-point configuration in order to critically de-
termine if either of these two methodologies can predict results that 
are in accord with the experimental kinetic data for the H +D + 2HD 
2 2 
exchange reaction. 
The barrier height for the system, which is the energy difference 
between the saddle-point energy of the PES and the energy of two iso-
lated H2 molecules, must fall in the near neighborhood of the exchange 
reactions experimental activation energy in order to have any likeli-
hood of success in obtaining acceptable correlation with experimental 
kinetic results. Also implied in the above is that the saddle-point 
geometry also be compatible with a four-body exchange mechanism. That 
is to say, for a given reaction coordinate to be a viable mechanistic 
pathway, the saddle-point geometry must be accessible to the reactants. 
Another situation that might arise is that the saddle-point for a cer-
tain geometry might correspond to a three-body intermediate rather than 
a four-body reaction intermediate which might be inconsistent with ex-
perimental observation. 
At the present time the mechanistic pathway to H2-o2 exchange is 
very uncertain. The following historical subsection, which states the 
6 
experimental work achieved on the (H2 ,o2) system and other PES type cal-
culations on the system, presents the reasons for this situation. It is 





Bauer and Ossa (6) have experimentally studied the H2-o 2 t 2HD gas-
phase reaction in the temperature range of 1100-1500°K employing a 
single-pulse shock tube method. In their experimental apparatus a Pyrex 
tube with end hooked up to pressure transducers and the pressure signals 
produced by incident and reflected shock waves were measured by means of 
an amplifier-oscilloscope setup. The average residence time, used in 
arriving at an empirical power rate expression, was estimated experi-
mentally from the measured time between the arrival of the reflected 
shock waves at the transducer farther from the end plate of the shock 
tube and the arrival of the cooling wave at the same point. This, in 
turn, was used to calculate, from the ideal shock equation, the reaction 
temperature and corresponding gas densities. The different species' 
concentrations (H2 ,o2 ,HD) were calculated from the initial and final 
compositions of the gas mixtures and the corresponding molar densities 
before and during the reaction. A rather large excess of argon (89 to 
98%) was used in the H2-o2 + 2HD reaction in order to insure low con-
centrations of H2 and o2 (1 to 10%) • This minimized the reverse reac-
tion of 2HD to H2-o2 • In order to avoid the dissociation of H2 or D2 
by hot walls of the reactor, which from previous work (7,8) led to 
7 
8 
production of lID by a three-body atom displacement chain (H-D2 or D-H2) 
mechanism, gas dynamical methods were used for heating the gaseous sys-
tern to the high temperature of the four-body exchange reaction in a 
very shbrt time (10-a sec) under conditions which kept the walls of the 
reactor essentially at room temperature. Having the reactor walls at 
essentially room temperature also would seem to exclude the possibility 
that heterogeneous surface catalysis may produce H and D radicals which 
then might proceed to give lID thru a nonbimolecular exchange mechanism 
( 9) • 
Bauer and Ossa (6) arrived at the following empirical rate expres-
sion from analysis of data from 62 runs: 
LllID 
LlT = 
using the Arrhenuis type equation: 
K 
p = 
1.. -E /RT 
AT"'2e a 
where K is the rate constant, A is the preexponential factor, T is 
p 
the reaction temperature, R is the gas law constant, the activation 
(1) 
(2) 
energy (E ) for the exchange reaction was obtained. The K for various 
a P 
runs at different temperature was calculated from (1) having determined 
reaction orders of Ar,H,D, from the data for that run. A plot of log 
(K T-i,) Vs. -T1 yielded a value of E equal to -42.26 Kcal • As will be 
p a mole 
seen later in the semiempirical and ab initio calculation subsections 
of the historical portion and the result section of this thesis, E is a 
markedly lower than the barrier height energies found from quantum 
mechanical potential-energy surface calculation for geometric configu-
rations that are compatible with a biomolecular exchange mechanism. 
9 
An atom abstraction mechanism based on the homogeneous dissociation 
of H2 and o 2 as the first step was dismissed as a viable mechanism due 
to the fact that under experimental conditions the maximum concentra-
tions of H and o atoms is nine orders of magnitude smaller than number 
of HD molecules found in the shocked sample under the same conditions. 
The concentration of the H and O atoms was calculated from the homo-
geneous rates of H2 and o2 dissociation in excess argon (10,11) and 
quoted values of the rate constants and the magnitude of the equilibrium 
constants for the dissociation step (12,13). 
On comparison with an average rate of HD production calculated in 
the format of the atom displacement chain mechanism (H+OO-* H ••. o ... D + 
HD+D) and Bauer's experimentally observed magnitude for the average HD 
-6 -3 -1 production rate (3-10 mole cm -sec ), it would require that the atom 
displacement reaction have a preexponential factor greater than l.s-1016 
3 -1 -1 
(cm mole •sec ), which is far too great for such a simple bimolecular 
process. In the above no oxygen contamination was included. Bauer (6) 
also rules out the possibility of the H atom displacement chain mechanism 
initiated in the early stages by combustion reactions due to possible 
impurities of o2 in their system by calculating that the H atom pro-
duced by such a mechanism is very small compared to that which would be 
needed to explain the overall HD production. other work indicates that 
the o2 impurities, which might be present in the shock tube experiments, 
imply an extreme increase in H or D atom formation rate so as to pre-
sent a counter argument to above in terms of a three body atom displace-
ment chain reaction mechanism (14) • 
Neither the bimolecular exchange mechanism nor the atom displace-
ment chain mechanism explain the difference in the observed (6) reaction 
10 
orders relative to H2 and o2 ( .36 and .66) nor the fir.st-order depend-
ence upon the argon concentration. Also the observed activation energy 
is higher than expected were the exchange controlled by a combustion 
process, and it is markedly lower than the barrier-height energies found 
from PES that are compatible with a bimolecular exchange mechanism (15). 
In view of the above and having in-hand the prior investigation of 
Bauer's (16) on the gas-phase reaction between o2 and NH3 where a vi-
brational excitation mechanism was proposed to explain the results, a 
similar vibrational excitation mechanism was proposed for the H -o 
2 2 
exreaction. In this model Bauer (6) stated that either H2 or o2 must 
first be vibrationally excited to a critical vibrational level by col-
lision with an argon atom. The H2 or o2 in turn then will react with a 
vibrationally unexcited H2 or o2 molecule to form 2HD. The slow step 
in this mechanism is the vibrational excitation of H2 or o2 by argon. 
This might explain the order of Ar, o2 , H2 in Equation (1). Bauer (6), 
using a two-state excitation model and the stationary-state approxima-
tion on activated intermediate species, arrived at a rate coefficient 
(K ) for this mechanism in terms of the experimental data and in the 
v 
form of an Arrhenuis type equation as: 
K 
v = 
T~ e-42.65/RT mole-1 cm3 -1 sec (3) 
with standard deviation in log K 
v 
~ vs. T of .084. This model indirectly 
implies that the relative kinetic energy of the H2 and o 2 molecules 
along their lines of the center has little effect on the reaction 
probability. 
As a quantitative test for the vibrational excited mechanism, 
Bauer (6) compared the magnitude of the pre-exponential factor of the 
experimental rate constant (K ) with that formulated from the measured 
v 
vibrational relaxation times of deuterium (17,18) in terms of a non-
11 
equilibrium, j vibrational state excitation model where the assumptions 
are that the steady-state condition is imposed for all but the popula-
tion of the o2 ground vibrational level and that there is a critical 
vibrational level (V) for o2 • Contributions are negligible for all vi-
brational levels below V because rate coefficients for the exchange 
reaction from these levels are small even though the population of these 
levels are significant. Levels higher than V are of negligible contri-
bution to the reaction since their populations are very small compared 
to equilibrium values due to the depletion of the population in the 
critical level by reaction which in turn causes depletion of levels 
higher than V relative to their equilibrium values. From the above an 
expression for K was reached where the vibrational relaxation time for 
v 
o2 is in pre-exponential term for Kv. From this analysis the pre-expo-
nential term calculated from vibrational relaxation time data at 1400 °K 
is approximately one order of magnitude lower than the experimentally 
derived pre-exponential factor of K previously described. Also, from 
v 
this analysis the vibrational excitation energy is z Kcal! which gives 
mo e 
additional plausibility that translational energies of H2 and o2 may not 
be very influential on the possible four-body reaction. Cases of vibra-
tionally excited species of various mineral acids and deuterium at room 
temperature have also been inferred in reaction with diazomethane (19). 
Using a similar single-pulse shock-tube technique as Bauer, Burcat 
and Lifshitz (20) report a somewhat different observed rate law where 
the overall reaction order is approximately 2 -.and the partial order with 
12 
respect to argon is .65 ± .01 and that of hydrogen plus deuterium is 
1.3 ± 0.1. kcal The activation energy is 40 ± 1 mole" The above values were 
obtained from analysis of the relation: K t = - lr Cl-extent of reac-
m 
tion) (4) where K is the first-order rate coefficient and t is the time 
m 
after reaction has been initiated. Their overall observations supply 
strong supporting evidence for Bauer's "vibrational excitation" mechan-
ism. They explain their reaction orders of argon (0.65) and H2 + D2 
(1.3) as compared with Bauer's values, for such, which exclude any con-
tribution to the vibrational excitation step by H2 or o2 themselves, by 
the following: They showed thru vibrational relaxation data of H2 and D2 
(17,18) that indeed excitationa of H2 or o2 can be accomplished by H2 or 
o2 as well as Ar. They arrive at a calculated value of 1.2 for the 
total reaction order of H2 - o2 from the previously mentioned vibration-
al relaxation data which is in good agreement to their experimentally 
derived value of 1.3 ± 0.1. 
Lewis and Bauer (21) studied the deuterium hydride (HD) self-
exchange reaction (reverse reaction of H2 + o2 + 2HD) by the same ex-
perimental shock-tube method as reported previously in this section. 
kcal They reported an activation energy of 35.9 ~-1- and a 1.43 reaction mo e 
order dependence for HD and a 0.57 reaction order for argon. 
Poulson (22) used a system of coupled vibrational-relaxation reac-
tions (master equations numerically solved herein with necessitated ap-
proximations included) and exchange reactions to describe a theoretical 
reaction mechanism for the H + D + 2HD reactions in presence of excess 
2 2 
argon. From her study she concluded that H2 and o2 react with a higher 
probability when the energy for exchange originates in vibrational rather 
than translational energy mode. Agreement with Bauer's experimental 
13 
shock-tube results (6) was reached when the experimental rate constants 
for vibrational relaxation of H2 and o2 (17,18) were used. Poulson re-
ports the minimum energy needed for reaction is about 38 Kcal/mole in 
addition to zero point vibrational energy and the important elementary 
. (3) (1) (2l (2) . (1) (2) 
reactions are o2 + H , O + H2 and possibly o + H where the super-2 2 2 2 
scripts are the vibrational quantum numbers. The concentration depend-
ence of argon, which from her analysis gave a reaction order of .55 to 
argon on the reaction rate, was explained in that excitation of H2 and 
o2 by Ar is needed because concentrations of the species (o~ 3 ) and 
(2) 
H2 ) are depleted below their equilibrium values in the non-equilibrium 
mechanism. Two major differences between her conclusions and Bauer's 
are that she states that the translational degree of freedom can contri-
bute part of the necessary energy for reaction to occur and that reac-
tions in which both O and H are vibrationally excited are likely to 
2 2 
dominate over those in which one species carries all the activation 
energy. Also, in contrast to Bauer's implication that the experimental-
ly measured activation energy (EA) is larger than that necessary for 
reaction to occur, Poulson concludes that this is true only when either 
H2 or o2 is in the ground vibrational state and in this condition the 
relative translational energy does not increase the reactivity. In 
Poulson's mechanism, the theoretical activation energy (36 Kcal/mole) is 
slightly smaller than the necessary energy (38 Kcal/mole) for reaction 
to occur and the temperature dependence of vibrational relaxation con-
stants of H2 and o2 contribute positively to EA to enable the reaction 
to occur in light of classical energy considerations. 
Kern and Nika (23) studied the rate of exchange of H2 and o2 by 
using the coupling of a shock tube to a time-of-flight mass spectre-
14 
meter (TOF). Reflected shock waves of equimolar mixtures of H2 and o2 
(1.5 to 3%) diluted in neon were analyzed at 20 u sec intervals by the 
TOF. The temperature range studied was 1800 °K to 3000 °K with a typi-
cal measured reaction time being 500 u sec. For several of the runs at 
temperatures exceeding 2600 °K equilibrium was reached during the obser-
vation time. Reaction profile were fitted to the equation (5): 
2 
(l-2f ) = e-K[M]t 
HD 
having previously determined from their data that the mole fraction 
was indeed quadratic with respect to time. In Equation (5) M is the 
(5) 
(6) 
concentration of neon and K is the forward rate constant equal to the 
form: 
K Ae 
which from an Arrhenius type analysis of the data yielded 
A 1016.93±0.24 cm3 mole-1 sec-2 
and activation energy 
(EA) = 44.37 ± 2.51 Kcal/mole 
Bauer's data (6) was analyzed in terms of Equation (5) and yielded 







43.50 ± 0.89 kcal/mole (11) 
which was within one standard deviation with respect to both log A and 
EA determined from their own data. They showed that Bauer's critical 
vibrational excitation mechanism (6), in light of the use of the steady-
state approximation in it, is inconsistent with their reported non-linear 
(quadratic) time dependence for the exchange reaction. In addition, 
they state that a straight four-center molecular mechanism would predict 
zero order dependence on the inert gas, a linear time dependence, and a 
considerably higher activation energy. An atomic mechanism was ruled 
out in that it would require a combined order dependence of one for re-
actants expressed on a mole fraction basis and an activation energy of 
110 K cal/mole (due principally to dissociation of H2 to 2H) • They sug-
gest that a solution of the master equation for the vibrational excita-
tion mechanism would be the proper approach. Poulson (22) has attempted 
such a solution, but in order to obtain numerical solution, a number of 
approximations were necessary. Her calculations were discussed previous-
ly in this subsection in the thesis. 
Kern and Nika stated four positive contributions from their work 
as follows: 
(a) extension of the temperature range to a 2000° interval, 
(b) recording of the exact conversion from zero to equilibrium, 
(c) deduction of a non-linear time dependence for product forma-
tion. Previous single-pulse shock experiments (6,20) did not 
attempt such measurements. 
(d) agreement of results (A,E ) with those obtained from previous 
A 
shock tube work (6) where absence of gas flow did not compli-
cate the analysis with TOF analysis. 
16 
Kern and Nika (24) studied the HD slef-exchange reaction using the 
same shock tube-TOF apparati as previously mentioned for the H2 + D2 
0 0 
exchange reaction. The temperature range was 1800 K to 2800 K. This 
work did show consistency with their experimental results reported for 
the reverse reaction, in that, the activation energy (EA) for the HD 
+ kcal self-exchange reaction was found to be 40.98 _ 2.25 ~-1- compared with mo e 
44.37 ± 2.51 kcall for the H - D reaction. These two activation ener-
mo e 2 2 
gies should indeed be of the same magnitude since the overall reaction 
is almost thermoneutral. In addition, consistency was shown by the HD 
self-exchange reaction in terms of product formation also being non-
linear (quadratic) with respect to time. The equilibrium constant for 
the overall reaction was obtained using the previously reported (23) 
rate constant for the forward reaction along with the self-exchange rate 
constant determined herein and good agreement within experimental errors 
was obtained with the calculated equilibrium constant. 
Recently Bauer and co-workers (25), by use of a stimulated Roman 
laser (SRL) technique, observed HD production at room temperature from 
mixtures of H2 and o 2 • In the SRL technique a pulsed ruby laser was 
-1 -1 
used to stimulate a Stokes field at 10,251 cm with H2 or 11,415 cm 
with o2 in a H2 or o2 Roman laser cell which then interacted with a test 
cell containing a mixture of H2 + o2 to cause an over-population of V=l 
vibrational states of either H2 or o2 which then led to appreciable 
occupancy of higher vibrational states of H or D by means of vibra-
2 2 
tional-vibrational energy transfer between the molecules. This pumping 
17 
of higher vibrational levels led to measurable amounts of HD production 
which Bauer explained in terms of the critical excited vibrational 
mechanism he had previously proposed (6). This experimental work seemed 
to provide confirmation for the vibrational excitation mechanism via a 
four-center prodess in that diatomic molecules (H2 or o2) which had low 
relative translational velocities (at room temperature) but were vibra-
tionally excited had a high probability for reaction as shown by the 
measurable amounts of HD production. 
Bauer (25) states that the molecular beam experiment of Jaffe and 
Anderson (26) also adds to the plausability of a four-center exchange in 
H2 - o2 via vibrational excitation mechanism. Jaffe and Anderson (26) 
showed that when vibrationally unexcited diatomic reactants (HI,DI) 
collided with rather high kinetic energy of translation (hence high 
relative translational velocities) ranging from 20 K cal/mole to 110 
K cal/mole, which bracketed the anticipated activation energy of about 
40 K cal/mole, there was no detectable production of HD. This suggests, 
from the experimental results of Sullivan (27) for the (H2,r2) system, 
and previously reported theoretical studies (28) that a four-atom center 
I .•• H •• H •••• I is possibley involved. Thus, Jaffe and Anderson's nega-
tive results for the reverse of the above reaction would imply (by 
microscopic reversibility) that one or both of the nascent HI molecules 
are in vibrationally excited states (25). One should note that this 
story is still not complete and that certain difficulties remain par-
ticularly with regards to the shape of the four-center potential-energy 
surface (29). 
Bauer (25) pointed out that an analytical solution necessitated the 
use of the steady-state approximation in the original critical excited 
18 
vibrational mechanism development for H2 - o2 (6) and that Kern and 
Nika's (23) observed quadratic time dependence for the exchange reaction 
was qualitatively reproduced by a computer solution of the master equa-
tion using the ten lowest vibrational levels of both H2 and o2 • The 
master equation usage yielded an effective activation energy of 36 to 
kcal 
42 ~-1- along with qualitative agreement for the HD production for both mo e 
the SRL and shock tube experiments as well as the prediction that the 
conversion passes thru a maximum similar to that observed in the SRL 
experiments. The proposals made by Poulson (22) concerning HD formation 
thru o 2 (v-2,3) and H2 (v-1,2) vibrational states needs to be examined 
by their computer model in that for v = 1,2 for H2 and v = 2,3 for o2 
the reaction rate coefficients for those states leading to HD production 
were assumed to be zero. Bauer (25) did stress the need for a large 
number of following computer computations to try and quantitatively re-
produce the SRL and shock tube results. In terms of the SRL experiments 
Bauer (25) stated the need to further refine the experimental apparatus 
so as to eliminate all conceivable heterogenous factors and to test via 
Lyman-absorption spectroscopy (30) for the possibility of any H atoms 
present in the test cell by means of the SRL technique. 
Semi-Empirical Calculations 
The first study to treat the interaction of four hydrogen atoms was 
done by Eyring (31) • It is semiempirical in that in addition to using 
London's approximate formula (32), he obtained the exchange energy con-
tribution as the difference between the experimental total energy ob-
tained from spectra and the calculated Coulombic terms. By varying the 
ratio of exchange energy to Coulombic energy, he calculated an activa-
19 
tion energy of 60.Kcal/mole and his transition state from absolute rate 
theory analysis consisted of H4 in a square of side length 1.2 Angstroms 
(.635 a.u.). 
Benson (33) employed the semiempirical Benson-Bose semi-ion pair 
model to calculate the activation energy for the reaction discussed 
here. He postulated that the reaction would proceed thru a rectangular 
transition state and that the activation energy was 61.5 K cal/mole. 
The saddle point was at a distance of 1.74 a.u. between the centers of 
Abrams (34) has used the semiempirical diatomics in molecules 
method to calculate the H4 energy in various configurations. The molec-
ular wave function is expanded linearly in terms of a connical set of 
16 determinental VB {Valence-Bond) wave functions formed by making all 
possible spin assignments to the product of the four Slater type ls 
orbitals centered at the four nuclei of H4 • Ionic terms were not in-
cluded. Various energy matrix elements are approximated in terms of 
experimental ground and excited state energies of all possible diatomic 
and rnonoatomic fragments of the polyatomic along with the use of the 
overlap integrals between the VB wave functions. Barrier height ener-
gies were 52 Kcal/mole for the linear case, 67.5 Kcal/mole for the 
square {R = 2 a.u.), 98 Kcal/mole for the rhombus and 134 Kcal/mole 
for the tetrahedron. 
Morokuna and Pederson {35) employed the perfect pair VB formulation 
along with several semiempirical approximations (36) to study the H4 
reaction surface. Their approximations were: 
(1) 
1 
The sum of the kinetic energy and - terms of the Hamiltonian 
r 
operator operating on the ls Slater wave function are set 
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equal to zero since the isolated hydrogen atom was taken as 
the zero energy point. 
(2) 1 A Morse-type function (36) was used for the E state of H2 
3 and a Sato-type function (37) for the E state of H2 , both of 
which are based on the Kolos-Roothaan calculations (38) along 
with the Heitler-London expression for the singlet ground-
state energy ('E) of H2 and the triplet first excited state 
3 
( E) of H2 . These functions were used to obtain an expression 
for the Coulombic integrals and single-exchange integrals. 
(3) The double-exchange integrals were obtained from an empirical 
expression of the form, E,s1 ,s2 ,s3 , where E is a defined con-
stant and s 1 ,s 2 ,s 3 are overlap integrals. 
(4) of the type <abj~1-jcd> are set 
rl2 
Integrals equal to zero based 
on the zero differential overlap approximation. 
(5) The screening parameter (o) in the Slater ls wave function is 
assumed to be a function of internuclear distance. 
On their potential-energy surface (PES) the saddle-point geometry 
for the exchange reaction is a square of side length 1.970 a.u. with a 
barrier height equal to 62.7 Kcal/mole. In contrast to Bauer's (6) 
mechanism for the H2 + o2 + 2HD reaction, their quasiclassical trajectory 
analysis on the H2 - o2 system, employing the before-mentioned semi-
empirical potential-energy surface, indicated that there is no theoreti-
cal evidence for a "vibrational threshold", that is, a critical vibra-
tional excitation for the H2 + o2 exchange reaction. Their calculations 
showed that an increase in vibrational energy availability is, by itsel~ 
not sufficient to produce such a "vibrational threshold" to occur the 
translational energy must be significantly, less effective than vibra-
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tion energy. Their trajectory calculations did not tend to bear this 
out. The rate coefficients for the exchange reaction from the trajectory 
0 0 3 ' analysis at 1600 K and 1000 K were 1.332 10 cm /mole-sec and 1.164 10 
cm3/mole-sec respectively. The resulting activation energy was 61.64 K 
3 
cal/mole with a pre-exponential factor of 3.475 10 cm /mole-sec. The 
absolute rate theory results for the rate coefficien~s using the same 
semi-empirical PES were smaller than those from the trajectory treatment 
5 3 5 3 
(0.643 10 cm /mole-sec at 1600 Kand 0.296 10 cm /mole-sec at 1000 K). 
Gimarc (2) used an extended Huckel method based on simple MO theory 
and overlap arguments to suggest a possible pathway for the H2 + o2 + 
2HD reaction. He suggested that a "Y" shaped complex is formed in 
collision between H2 and o2 and that this structure then rearranges 
through a relatively low-energy pathway, comparable to Bauer's experi-
mental activation energy value, to a "T" structure. Rearrangement in 
the opposite direction, followed by separation of the "Y" thus formed 
then leads to the "HD" product. 
Ab Initio Calculations 
De Boer (39) and Margenau (40,41) both used a VB formalism, similar 
to the one in this study, but they used only one of the two possible 
covalent wave functions, to calculate the "exchange energy", along with 
the quadrupole and Van der Waal's energies, between two H2 molecules at 
their equilibrium distances (1.4 a.u.). Their calculated "exchange 
energy" is analogous to the potential energy of the H4 system calculated 
in this study. They both either approximate or neglect all three and 
four center integrals. Since they both are interested in intermolecular 
forces, their surface points are not in the range of interest for the 
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H2 + D2 reaction study. 
Taylor (42) carried out both ab initio molecular orbital (MO) and 
configuration interaction (CI) calculations on the linear H4 system with 
the distances between adjacent atoms being equal to the equilibrium dis-
tance of H2 (1.4 a.u.). He was the first to show that the three- and 
four-center integrals were of great importance is such a calculation. 
The screening parameter (o) of the hydrogenic ls basis wave functions 
were set at 1. Also the numerical values of the MO coefficients were 
not determined with self consistency. Using a single configuration in 
the MO method, he obtained a value for the energy of the linear H4 sys-
. kcal tern at 1.4 a.u. of -54.59 1 e.V. (barrier height = 166 ~-1->. This mo e 
energy (-54.591 e.V.) is slightly stable with respect to four isolated 
hydrogen atoms but not with respect to two isolated H 
2 
molecules as im-
plied by the barrier height (166 kcal) mole 
being in reference to two iso-
lated H2 molecules. His CI calculation using six configurations de-
rived from the four molecular orbitals gave an energy of E = -56.404 e.V. 
(barrier height= 125 kcal). 
mole 
Griffing and Macek (43) used a MO single determinant wave function 
with hydrogenic ls basis function (o=l) to calculate the energy of 
various square conformations for the H4 system at selected points and 
found the quadratic H4 system to be unstable with respect to 4 H atoms 
separated at ~. The triplet state was found to have the lowest energy 
values (R = 1.606 a.u., E = - 46.0 e.V. (barrier height= 331 kc1a1 ); mo e 
kcal) R = 2.00 a.u., E = - 49.9 e.V. (barrier height= 241 as compared 
mole 
to singlet-state values. 
Griffing and Vanderslice (44) used Roothaan's (45) LCAO-MO-SCF 
equations for selected points (1.4 a.u., 1.6 a.u., 2.0 a.u., 2.2 a.u.) 
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on the linearly symmetric H4 system to calculate the energy for these 
possible activated complexes for the H4 system. They found that their 
n at R = 1.4 a.u. (-55.48 e.v. (barrier height ~ 48 kcal) was e ergy mole 
better than Taylor's value (42) using simple MO treatment but poorer 
than his CI values. 
Parker and Eyring (46) compared a non-ionic VB treatment (same as 
used in this study except that o = 1 in their Slater atomic orbitals) 
with the simple MO and limited MO-CI treatment of Taylor (42) for the 
symmetric linear (R-1.4 a.u.) H4 system. Their values from the VB 
treatment for the symmetrical linear 
ture was -57.02 e.V. (barrier height 
H4 using the single covalent 
kcal = 113 ~-1-) and -58.59 e.V. mo e 
(barrier height kcal . z 77 ~-1-) using both covalent structures. mo e 
struc-
Griffing and Ruffa (47) calculated energies for the linear H4 sys-
tem as a function of R for various values of r (H-r-H-R-H-r-H) using 
Roothaan' s LCAO-MO-SCF method with hydrogenic ls basis functions ( o = 1). 
Mulliken's approximation (48) was used for three and four-center inte-
grals. A saddle point occurs at r = R = 1.8 a.u. with E = - 54.01 e.V. 
(barrier height = 65 kcal) • 
mole 
Thus, if one looks at this geometry and 
kcal the associated barrier height energy (65 ~-1-) in terms of a four-body mo e 
reaction intermediate for the H2 - o2 exchange reaction, one still has 
the main problem of showing how this linear intermediate can lead to 
exchange products on geometric arguments. In addition, this barrier 
height is still approximately 20 K cal/mole higher than the experimental 
activation energy as reported by Bauer (6) and Kern (23). 
Magnasco and Musco have reported both a restricted (49) and full 
(50) VB treatment of the interaction of two H2 molecules in their 
ground state at their equilibrium values of R = 1.4166 a.u. as a func-
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tion of intermolecular distance between them for various geometries. 
In the restricted calculations the basic Slater ls atomic orbitals were 
symmetrically orthogonalized by means of a Lowdin transformation (51) 
and all the orthogonalized valence bond (OVB) structures involving for-
mal covalent "long bond", along with the ionic structures arising from 
overlaps of change between distant atoms (52), are neglected. The above 
procedure left nine OVB structures corresponding to the singlet molecu-
lar ground state of H4 • In the full VB treatment all twelve contribut-
ing structures resulting from including all covalent and ionic struc-
tures were used along with the usage of nonorthoginalized Slater ls 
atomic orbitals. In both treatments a basis of four ls atomic orbitals 
with o = 1.193 was used. The full treatment is equivalent to a full CI 
calculation on this system. The restricted method gave considerably 
higher interaction energies (difference between the calculated H energy 
4 
and the energy of two isolated H2 molecules) than did the unrestricted 
method. The interaction energy also decreased as the two H2 molecules 
changed from a rectangular configuration to the following "staggered" 
configuration In the rectangular configuration with side 
lengths of 1.4166 a.u. and 2.1249 a.u., which is a plausible geometry 
for a four-body exchange reaction, the interaction energy was .21156 
Hartrees (132.7 Kcal/mole) which is about three times the experimental 
activation energy for H2 - o2 exchange reaction. 
Conroy (53) has carried out an ab initio calculation of the PES 
using a basis set of properly antisymmeterized products of one-electron 
factors so constructed to give the final wave function cusps at the 
nuclei of the correct form and such that poles at the nuclei in H ~ 





(U) of E, U = f (HW = Ep) dx 
f ip 2 dx 
(13) 
The value of E correspond to the point of smallest radius of curvature 
on the boundary in the plane [E,U(E)]. The rectangular-square conforma-
tion was the only configuration reported. The saddle point was located 
at R = 2.2 a.u., in the square configuration and the corresponding bar-
rier height energy was 124±6 Kcal/mole. 
Schwartz and Schaad (54), using a linear combination of Gaussian 
orbitals (LCGO)-MO-SCF technique, calculated the energy for the H4 sys-
tern in various linear geometries. They obtained lower energy values 
than Griffing (44,47) who used Slater type ls orbitals (o = 1) in a 
LCAO-MO-SCF treatment that has been previously mentioned. The principal 
value of Gaussian orbitals used in their study is their ease in inte-
grating as compared with Slater type orbitals although they have wrong 
functional properties as the nucleus-electron distance approaches zero. 
A saddle point R = 1.6 a.u., for the symmetric linear H4 system was ob-
tained with an energy value of -2.16686 hartrees which corresponds to a 
barrier height energy of 65.5 kcall • 
mo e 
Shavitt and Rubenstein (55) carried out an ab initio full CI cal-
culation on the H4 system using as a basis set eight scaled optimized 
double-zeta orbitals. 
kcal 
The barrier height energies were 43 ~-1- for the mo e 
linear case, 109 Kcal/mole for the rectangle, 142 Kcal for the square, 
151 Kcal/mole for the rhombus, and 188 Kcal/mole for the tetrahedron. 
Such results would appear to indicate that the square configuration can-
not be the transition-state for a four-center exchange mechanism for 
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the required energy (142 Kcal/mole) is even considerably above that 
needed to dissociate a H2 or o2 molecule (110 Kcal/mole) and carry out 
a three-center exchange type reaction to get 2HD. 
Wilson and Goddard (56) have reported a full ab initio CI calcula-
tion on H4 which included all of the 36 possible configurations consist-
ent with the Pauli principle which can be formed from Slater ls basis 
functions. The saddle point energy for the square configuration was 
-2.06 hartrees near R = 2.6 a.u. which resulted in a barrier height of 
132 ± 20 Kcal/mole for the exchange reaction. The error limits take 
into account the use of a minimum basis set. Both the synunetric trape-
zoid and the rhombus had saddle point energies approximately equal to 
that of the square configuration but their internuclear distances cor-
responded to the H3-H system and thus is not a suitable four-body tran-
sition-state for the reaction. In a second paper, Wilson and Goddard 
(57) attempted to use their spin optimized GI(SOGI) wave function to 
examine the H2-o2 exchange reaction. The SOGI wave function is one that 
transforms as one of the young tableau belonging to the desired repre-
sentation of the permutation group (58) and one whose electron spin and 
spatial orbitals have been coupled and optimized. Each spatial orbital 
in the total SOGI wave function is unique and only one electron is 
placed in it as in the unrestricted Hartree-Fock (UHF) method. In con-
trast to the standard MO and VB treatments. The spatial orbitals are 
determined thru a SCF type calculation on the system. The obtained PES 
for the H2+o2 system in the square configuration was very similar to 
their previous full CI study. The saddle point for the square is at 
R = 2.48 a.u. with an energy of -2.071 hartrees (barrier height energy 
equals 132 Kcal/mole). From the shape of the potential surface for the 
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square configuration, they state that they would expect that only col-
lisions in which nearly all the "classical" activation energy (132 Kcal/ 
rrole) is in the vibrational mode would proceed thru this geometry. Thus 
their conclusion is in qualitative but not quantitative agreement with 
Bauer's (6) critical vibrational state mechanism interpretation of his 
own experimental results. 
CHAPTER IV 
METHOD 
The perfect pairing valence bond (VB) model has been employed to 
calculate the potential-energy surface, for the H4 surface (59,60,61). 
Four Slater type ls electron space orbitals (designated a,b,c,d, in 
Figure 1 depending upon the nuclear center (A,B,C,D) are used. The form 
of the ls electron orbitals is: 
ls -or = Ne (14) 
N is the normalization constant equal to (~) 2 • o is the screening para-
~ 
meter, r is the distance of an electron from a particular H atom nucleus. 
These orbitals were used as the minimal-basis set for the four-electron, 
four-proton H4 system. Each space orbital is converted into a spin 
orbital by multiplication by one of the two spin functions, a or B. 
Thus, there are eight spin orbitals for the H4 system that serve as the 
spin included basis set. 
A VB term of the complete electronic wave function for the H4 sys-
tem would be a product of four-spin orbitals, each electron occupying 
one spin orbital, permuted in the form of a Slater determinant (~) to 
give the correct antisymmetry property to the electronic wave function. 
There are 32 determinants for the H4 system since each column in the 




r = distance between electron and H Nucleus 
R = distance between H Nuclei (A,B,C,D) 
D 
Figure 1. H4 System Depicting Protons and Electrons in System 
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The requirement that the total molecular wave function be an eigen-
A2 
function of both S and s (60) in union with the perfect-pairing z 
valence-bond format determines_ the form of the total molecular wave 
function used in this study. Perfect pairing in the VB model for H4 re-
quires that each pair of atoms in the system have their valence electrons 
paired together such that a chemical bond may exist between them. Thus, 
if one atom's spin orbital has and a function the other atom spin orbi-
tal in the pair must have a S spin function. With H4 we can form a 
maximum of two chemical bonds using the above scheme in a given $ repre-
sentation. The six $'s which result from the perfect-pairing VB method 
applied to H4 are the following six Slater determinants. 
$1 = la(l)a(l)b(2)a(2)c(3)B(3)d(4)B(4) I (15) 
$2 = la(l)a(l)b(2)B(2)c(3)a(3)d(4)B(4) I (16) 
$3 = la(l)B(l)b(2)a(2)c(3)a(3)d(4)B(4) I (17) 
$4 = la(l)a(l)b(2)B(2)c(3)B(3)d(4)a(4) I (18) 
$5 = la(l)B(l)b(2)a(2)c(3)B(3)d(4)a(4) I (19) 
$6 = ja{l)B(l)b(2)B{2)c(3)a(3)d(4)a(4) I (20) 
These six $'s all have eigenvalue of § equal to zero, and they z 
are the only ones of the original 32 determinants that have this eigen-
value. Thus, the secular equation used in the energy calculation re~ 
duces to a 6x6 matrix. 
The $'s which correspond to a bond between A and Band a bond be-
tween C and D are $ 2 , $3 , $4 , $5 • A linear combination of these four 
determinants would thus represent a wave function ~a-b that would com-e-a 
pletely include each $ that pertains to a perfect pairing a-db VB bonding 
c-
scheme. By interchanging spins on a and b and then c and d and by making 
a-b use of the fact that ~ d must be antisymmetric, one obtains the fol-
c-
lowing unnormalized linear combination: 
~l = ~a-h = ~2 - ~3 - ~4 + ~5 
c-a 
In a similar manner, one obtains two other wave functions which 
consist of a linear combination of the ~s that represent two other 
canonical structures: 






Only ¢1 , and ~ 2 are linearly independent as (60) ¢3 = ¢2 - ¢1 • 
Therefore the total perfect-pairing VB wave function for H4 is as fol-
lows: 
= (24) 
Both ¢1 and ¢2 when operated on by §2 gives an eigenvalue of zero which 
corresponds to a singlet ground state for H4 • All ionic structures and 
nonperfect pairing structures are excluded in this VB form of the wave 
function. 
Porter and Raff (62) have shown that this perfect pairing valence-
bond wave function (~) contains a considerable amount of configurational 
mixing. In fact, for the o4h square conformation the configuration co-
l 
efficients in the VB wave function for the ground state Blg are very 
nearly equal to those obtained in a full CI treatment (55,56). 
The ground state electronic energy (E) of the H4 system is given 
by: 




Variational minimization yields the following expression for the singlet 
ground state energy of H4 : 
E = (26) 
where 
= <~1$ > <$ 1$ > - <$ 1$ > 1 2 2 1 2 
= 
- <$ 1~ > - !. <$ 181$ > - <$ I$> 
2 2 2 2 2 1 
= <$ llil$ > <$ 181$ > - <$ 181$ >2 1 1 2 2 1 2 
" and $1 and $2 are the wave functions defined previously and H is the 
Hamiltonian operator for the H4 system. The Hamiltonian for the H4 sys-
tem is a 24 term operator if one employs the Born-Oppenheimer approxi-
rnation (63) and excludes any spin coupling terms: 
" H = 
1 
1 
1 -2 2v, 1 -2 -v 2 2 
1 -2 -v 
2 3 
1 1 1 1 1 1 1 1 +--+--+-+--+--+--+--+ 
r24 r34 RAB RAC RAD RBC RBD RCD 
(27) 
Thus, one has four kinetic energy terms for the electrons, sixteen 
terms resulting from nuclear- electron Coulornbic interaction, six terms 
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resulting from electron-electron Coulombic repulsion, and six terms re-
sulting from nuclear-nuclear Coulombic repulsion (see Figure 1). 
Since the 1ji1 
grals of the type 
and $ 2 are linear combinations of various ¢'s, inte-
<¢. IHI¢.> and<¢. 1¢.> result from Equation (25). 
1 J 1 J 
Let us take <¢ 1 IHl¢ 2> as an example. Due to identical terms in 
the determinants ¢1 and ¢2 , <¢ 1 181¢ 2> yields: 
Sa(l)2(l)b(2)2(2)c(3)B_(3)d(4)B(4) IH:I <;}:- ¢ 2)dTT (28) 
where dT represents the total spin-spin volume element. Because of the 
orthogonality of the spin functions a and 8, Eq. (28) becomes, upon inte-
gration over spin, a sum of only four terms1 
< ¢ 1 1 HI ¢ 2 > = Sa ( 1) b ( 2) c ( 3) d ( 4) I HI a ( 1) c ( 2) b ( 3) d ( 4) d 
+ Sa ( 1) b ( 2) c { 3) d { 4) I H I a ( 1) c ( 2) d ( 3 ) b ( 4 ) d T 
+ sa(l)b{2)c(3)d(4) jiljc(l)a(2)b(3)d(4)dT 
- Sa { 1 ) b ( 2 ) c ( 3 ) d { 4 ) I H I c ( 1 ) a ( 2 ) d ( 3 ) b ( 4 ) d T 
It follows that <¢ 1 1¢ 2> is the sum of the same above four integrals 
where H would be replaced by the identity operator 1. 
p9) 
One now uses the facts as long as one does the sampe permutation 
to a wave function on the left side of any Hennitean operator (e.g., 
H,l) in a integral such as 
Sa (l)b (2) c (3)d (4) I if le (l)d (2)b (3)a (4) d-r 
as one does to the wave function on the right side of the operator the 
integral remains unchanged in value (59). Using the above and the fact 
34 
that real Hermitean operators are used in the integrals it can be shown 
that, for example: 
fa(l)b(2)c(3)d(4) lilc(l)d(2)b(3)a(4)dT 
fa(l)b(2)c(3)d(4J lild(l)c(2)a(3)b(4)dT 
Using all of the preceeding steps on each of the<~. lij~.> and 
1 J 
(30) 
<~. j~.> integrals where both i and j vary from 1 to 6, it may easily be 
1 J 
shown that the energy of the system is a function of 17 different inte-
A 
grals with H or 1 as the contained operator. This integrals are 
listed in Table I. 
We now proceed to solve each of the various 24 subintegrals that 
A 
result from explicitly writing out the 24 term H for each of the seven-
teen independent integrals listed in Table I. 
Rosen (64) has given analytic solutions for kinetic energy terms 
using the fact that, 
<- ! v2 
2 
(31) 
He also gives analytical expressions for the two-center Coulombic inte-
gral of the form: 
fa(l)b{2) j--1~1a(l)b(2)dT 
rl2 
The two-center electron exchange integrals of the form: 
fa(l)b(2) l--1~jb(l)a(2)dT 
rl2 
were solved analytically by reference to works of Slater (65) and 
Hastings (66) • 
TABLE I 
LIST OF THE SEVENTEEN INDEPENDENT MATRIX ELEMENTS 
ONE SOLVES FOR IN THE H4 SYSTEM 
<a(l} b(2} c(3} d(4} IQI a (l} b (2} c (3} d (4}> 
<a(l) b (2} c (3) d (4) IQI a (1) d (2) c (3) b(4}> 
<a (1) b (2) c (3} d (4) 'Q' b (1) a (2) c (3) d (4}> 
<a(l) b (2} c (3) d(4} 'Q' a (1) b{2) d (3) c (3}> 
<a(l) b (2) c(3) d (4) IQI a (1) c (2) b (3) d (4)> 
<a(l) b(2) c(3) d (4) IQI d(l) b (2) c (3) a (4)> 
<a(l) b (2) c (3) d(4) IQI c(l) d (2) a(3) b{4)> 
<a(l) b (2) c(3) d (4) IQI d (1) c (2) b (3) a (4}> 
<a(l) b (2) c (3) d (4) IQI b (1) a (2) d (3) c (4}> 
<a(l) b (2) c (3) d(4) IQI c(l) b (2) a (3) d(4)> 
<a(l) b (2) c(3) d(4) IQI b(l) d (2) c (3) a (4) > 
<a (1) b (2) c(3) d (4) IQI c(l) a(2) b(3) d(4}> 
<a(l) b (2) c(3) d (4) IQI d (1) b (2) a (3) c (4)> 
<a (1) b (2) c ( 3) d (4) IQI a (1) c ( 2) d(3) b(4)> 
<a(l) b (2) c (3) d(4) IQI d(l) a (2) b(3) c (4}> 
<a(l) b (2) c (3) d(4) IQI c(l) d (2) b (3) a (4)> 
<a (1) b (2) c (3) d(4) IQI b(l) d (2) a(3} c (4)> 
!QI represents the identity operator or the 
Hamiltonian operator for the H 4 system. 
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Overlap integrals, one-electron one-center integrals, one-electron 
two-center integrals, and one-center two-electron integrals were calcu-
lated analytically using confocal elliptical coordinates (See Appendix 
for functional form of the solutions to above integrals). 
The three-and four-center two-electron integrals and the three-
center one-electron integrals were approximated by first applying 
Mulliken's approximation (48): 
a(l) b(l) = (32) 
which reduces the three- and four-center integrals to various two- and 
one-center integrals. These integrals were then calculated analytical-
ly by the methods described above. This overall procedure for three-
and four-center integrals is illustrated in the Appendix. Mulliken's 
approximation is reasonably good (67), especially at the internuclear 
distances (1 to 5 a.u.), at which calculations were made. In this work 
all screening parameters (o) for the four Slater type s orbitals were 
set equal. 
The above procedure yields the perfect pairing VB energy for H4 as 
a function of the screening parameter and the six internuclear dis-
tances of the system. In each H conformation one can use Equation 
4 
(26) and vary the screening parameter uritil the lowest energy is found. 
The following numerical checks were employed to insure accuracy. 
The four H atoms were placed essentially infinitely apart to see that 
the calculations gave that limit. Two of the H atoms were placed at 
Wang's equilibrium distance for H2 given in his work (68) and, using 
his minimized screening parameter, with other H atoms essentially in-
finitely far away from the H2 molecule and from each other the system 
37 
energy was computed. The difference between Wang's result and that 
calculated herein was less than .3% (the one calculated herein being 
lower in energy). This difference results from the fact that Wang's 
00 1 -u 
solution was partly graphical and his values of r - e du, where u is 
x µ 
a dummy integration variable and x is equal to 2oR, that was used in 
calculating two-electron exchange integrals were not as accurate as the 
ones used herein from the work of Hasting (66). Essentially twice Wang's 
energy value was obtained when the conformation of two isolated H2 
molecules was studied using Wang's H2 equilibrium distance and screening 
parameter. 
The other checks that were run involved putting the H4 system in a 
square conformation and also in various rectangle conformations and 
checking to see that various ingrals in Table I were equal to each other 
as required by consideration of the symmetry of the conformation. 
CHAPTER V 
RESULTS AND DISCUSSION 
The relevant limit of two isolated H molecules obtained in this 
2 
VB study as regards to energy (-61.801 e.v.) and H2 equilibrium distance 
(1.41 a.u.) are listed in the Table II along with two previously report-
ed ab initio CI results and the experimental values for the system. 
Reasonable agreement with the CI based calculations as well as the ex-
perimental values are seen from Table II. The value of the screening 
constant (o) contained in the ls STO basis functions was found for the 
above energy minimization for the two isolated H2 molecules to be 1.16 
as compared to the o=l for the system of four isolated H atoms (-54.42 
e.v.). The value of o = 1.16 for the two isolated H2 molecule is in 
agreement with Wang's value (68) for the H2 system using the same VB 
format as contained herein. 
In the Table III a comparison is presented of the minimal basis VB 
computation results of this study with previously reported ab initio 
results on the H4 system as well as with an extended Huckel calculation 
result (2) for various geometric conformation. One can readily see the 
rather good and general accuracy of the present computations when they 
are commpared to the more accurate ab initio results. Comparison with 
the semiempirical extended Huckel calculation of Gimarc (2) shows con-
siderable differences in energies and this point will be expounded 




COMPARISON OF RESULTS FOR TWO SEPARATE H MOLECULE LIMIT 
Method Energy* ( e . v . ) 
Equilibrium 
Distance (a. u.) 
VB method presented herein -61.801 1.41 
CI of Wilson and Goddarda -62.471 1.4304 
Shavitt and Rubinstein workb -62.637 1.42 
. c Experimental -63.918 1.4008 
*Zero reference point is taken to be four protons and four elec-






COMPARISON OF MINIMAL-BASIS VB COMPUTATIONS WITH 
PREVIOUSLY REPORTED RESULTS 
Previous Ab 
Conformation Present Cal. Initio Results 
Form Dimensions ~ E(ev) E(ev) Ref. 
Square (D 4h) 2.25 au 1.03 -55.919 -55.511 56 
-58.284 53 
2.46 1.02 -56.111 
2.47 1.02 -56.114 -56.461 55 
2. 75 1.01 -56.047 -56.017 56 
Rhombus (D2h) 70°; 2 .54 au 1.01 -55.579 -55.473 56 
10°; 2.50 1.02 -55.553 -56.080 55 
60°; 2.46. 1.01 -.54. 611 
Rectangle (D2h) 2.61 & 2.09 1.04 -57.137 -57.93 55 
au 
Tetrahedron (Td) 2.46 au 1.00 -52.122 -53.699 55 
3.80 1.01 -54.408 -54.474 55 
Linear (Dooh) 1.60 au 1.12 -59.636 -59.892 56 
1. 70 1.10 -59.755 -60.787 55 
1.80 1.08 -59.725 -60.156 56 
2.46 1.01 -57. 988 









four-body exchange mechanism of Gimarc for the (H ,D ) exchange reac-
2 2 
tion is discussed in light of his and the present results. 
The data of Table III also illustrated that the VB computations 
qualitatively predict the relative conformation energies in agreement 
with the ab initio results as given by the following inequality: 
linear < rectangle < square < rhombus < equilateral triangle < tetra-
41 
hedron. For shorter bond distances of 2.2 a.u. between outer points on 
the equilateral triangle surface, the present VB computations predict 
nearly equal stability for the equilateral triangle and tetrahedron. At 
even shorter distances the last inequality (equilateral triangle < tetra-
hedron) reverses itself. 
The best minimized screening parameter used in this study's various 
geometric conformations was 1.02. This value is used throughout this 
work unless stated otherwise. The linear configuration used a minimized 
screening parameter of 1.10 when the internuclear separation was greater 
than 2.2 a.u. The energy minimization was very sensitive to a change 
in o of .05 units or less. 
It is also of interest to notice in Table III is that for the 
square and the 70° rhombus conformations the VB energies are lower than 
the previous cited ab initio results of Wilson and Goddard (56) which 
is in violation of the variation theorem. This is due to Mulliken's 
approximation being used in the VB case herein for the three- and four-
center integrals. Mulliken's approximation imparts added stability to 
all the conformations studied but it is evident only in the square and 
70° rhombus for following reason. Porter and Raff (62) showed that for 
the square conformation the configuration coefficients in the VB wave 
function for the ground state are very nearly equal to those obtained by 
42 
Wilson and Goddard (56) in their full CI treatment. This implies that 
the VB ground-state energies of both the square and its close geo-
0 metric brother, the 70 rhombus, would be in close agreement with the 
CI results on these. Thus, when Mulliken's approximation is used, the 
increased stability gives rise to a lower energy than the ab initio CI 
results. Generally though, as can be seen by averaging the VB results 
with the previous ab initio results in Table III, the present VB formu-
lation underestimates the conformation stability by about 0.5 eV. 
The added stability resulting from Mulliken's approximation was 
verified to be indeed the case. Analytical values of the three- and 
four-center integrals, involving ls STO, given by Magnasco (49) for 
the rectangular conformation of side lengths 1.4166 au and 2.8332 au 
were used in calculating the ab initio VB energy at that point. This 
result was compared with that obtained using Mulliken's approximation 
for the three- and four-center integrals for the same rectangular point. 
Mulliken's approximation gave an energy stabilization of ~ 0.6 ev as 
compared to the result not using it. 
In Figures 2 thru 12 are pictured two-dimensional energy contour 
plots of the H4 interaction system for various geometries. The cor-
responding three-dimensional plots are seen in Figures 13 thru 23. 
From these plots, as well as from the values in Table III, it is appar-
ent that only the linear configuration possesses interaction energies 
(contour energy values minus the 2 H2 limit of -61.801 ev) on its sur-
face that lie in the range of the previously discussed experimental 
activation energy (6). A four-body exchange mechanism for the (H2 ,D2) 
system implies that points on the pathway represent those associated 
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Figure 6. Contour Plot of H4 in Symmetric 90° "Y" Configuration 
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Figure 20. 3-D Plot of H4 in Rectangular Configuration 
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Figure 23. PES for Li-H-H Linear Configuration 
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D , +2H,H D+D,H2+2D. Unfortunately, the linear configuration cannot be 2 2 
a pathway for a four-body exchange mechanism without it rearranging into 
another conformation such as one of the parallelograms pictured in 
Figures 2-12 which would be compatible on geometric grounds for a four-
body intermediate but not so in terms of barrier-height energies for 
these conformations. The lowest barrier-height energies for the various 
conformations given in Figures 2 thru 12 and Table III, that are compati-
ble to a four-body intermediate being formed, are in the range of 130 
kcal/mole and up. The square configuration yielded the lowest-valued 
saddle point (E = -56.19 e.v., R = 2.49) of any conformation compatible 
with four-body interaction mechanism. This agrees quite well with 
Wilson and Goddard's (56) results which showed that the square at R 
2.6 a.u., E = -56.053 e.v. represented the lowest saddle point energy 
of any geometrically compatible conformation they studied. This again 
reinforces the concept discussed by Porter and Raff that the minimal 
basis VB wavefunction contains a significant amount of configuration 
mixing especially in the square conformation. Their remains, even with 
kcal) 
the inclusion of possible vibrational preexcitation energy (31 mole as 
discussed by Bauer and Ossa (6), the essential paradox between the ex-
perimental activation energy for the (H2 ,o 2 ) exchange system and the 
barrier height energies found for likely four-body reaction conformations 
thus far investigated. All transition conformation energies studied are 
all higher than that of the H2+2H system energy. This rules out these 
conformations as reasonable geometries for (H2 ,o2 ) exchange system 
since the experimental activation energy is less than half the energy 
required to break the H2 bond, This brings this study to the point 
where a Y+T+Y four-body reaction mechanism proposed by Gimarc (2) for 
66 
the H2-o2 exchange reaction is analyzed in terms of the VB method used 
herein. Gimarc's study used the semiempirical extended Huckel method. 
Comparison of VB and HUckel results for trans, T, and Y conformation 
are presented in Table IV. As in Table III the difference in energies 
between the two methods is quite pronounced with the extended Huckel. 
results yielding the much more stable energy values. From the energy 
values for the Y and T conformations obtained by the semiempirical ex-
tended Huckel results Gimarc postulated a Y-+'r+Y exchange mechanism for 
the (H2 ,o2) system. The barrier height based on the extended Huckel 
results in Gimarc's mechanism (dependent on the "T" structure) is in the 
near neighborhood of the experimental activation energy for the (H2 ,o2) 
exchange reaction. Thus the Y+T+Y transformation is a viable four-body 
pathway if such is true. 
Although the VB calculated energies may be in error by -(10-15) 
kcal/mole, the VB formulation presented herein should easily possess 
sufficient accuracy to determine whether or not a Y-+T+Y potential path-
way exists. This is implied as a consequence of the semiempirical ex-
tended Huckel results of Gimarc on such a pathway, whose barrier is 
kcal 
some 60-80 - ~~ less than those previously investigated by ab initio 
mole 
methods (55,56). 
For the VB results it is seen from Table IV and Figures 2 thru 6 
that the "Y" conformation energies are less than those of corresponding 
"T" conformations. Thus, the potential barrier for Y+T+Y mechanism 
will be primarily dependent upon the energy of the "T" structure which 
in this aspect agrees with Gimarc's results. From Figures 2 and 3 the 
symmetric "T" shapes with R1 = R2 R3 all possess energies greater 
than -54.801 e.v. corresponding to a potential barrier for the (H2 ,o2) 
67 
TABLE IV 
COMPARISON OF VB AND ffiiCKEL RESULTS FOR TRANS, T, AND Y CONFORMATION 
Conformation Present Cal. 
Form Dimension E(ev) 
b 
Trans 2.46 au 1.01 -56.862 
T Symmetric 
2.46 au 1. 02 -54.319 
Y Symmetric 
0 
60 ; 2.46 au 1.02 -55.736 
aReference 2. 
b 
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68 
exchange process of at least 161.4 kcal/mole. If the "T" is distorted 
as shown in Figures 2 and 3, the energy requirement decreases but not 
to the point where such an intermediate could be a viable transition 
state for the exchange. These VB results are in accord with those re-
ported by Wilson and Goddard (56) who found no evidence for low energy 
states of "T" geometry (R = R 
1 2 
R3 = 2.2 a.u., E = -54.859 e.V.). 
The results obtained in the VB format vividly illustrate that the 
semiempirical extended Huckel calculation considerably overestimates the 
energy stability of various (H2 ,o2 ) conformations. This leads to a 
plausible four-body mechanism (Y~+Y) on geometric grounds, being non-
plausible on energy grounds when viewed from the relatively more theo-
retical VB results as compared with the semiempirical extended Huckel 
results. This point up that, in general, methods, such as Huckel type, 
that rely primarily or solely upon overlap considerations will tend to 
overestimate stability. This is due to the fact that the contribution 
of multicentered repulsion integrals is ignored in such methods. Usually 
relative stabilities may be obtained qualitatively by such methods but 
their use to predict reaction potential barriers quantitatively is a 
hazardous procedure as Gimarc (2) has pointed out and verified herein. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
The previous section leads us to conclude that a Y-+T+Y four-body 
mechanism for the (H2 ,o2) exchange reaction is not a low-energy pathway 
that would make theory compatible with the shock-tube experiments Bauer 
and Ossa (6), Burcat and Lifshitz (20) and Kern and Nika (23). Also 
the study verified previous results on various (H2 ,o 2) conformations 
that none yielded a pathway for the (H2 ,D 2) exchange reaction consistent 
on energy grounds with the experimental activation energy. 
A four-body reaction mechanism for the (H ,D ) exchange reaction 
2 2 
has yet to be theoretically found after an exhaustive search of logical 
pathways containing some degree of symmetry. The VB method used herein 
is of size to be compatible, computerwise, with a Monte Carol analysis 
in order to generate a large array of points and corresponding energies 
for the (H ,D ) system. This data could then hopefully be reconciable 
2 2 
with the experimental activation energy and a four-body reaction path-
way found from the internuclear distances associated with acceptable 
energy values. 
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General Remarks and Purpose of Study 
The LiH+H+Li+H and the LiH+D+LiD+H are reaction systems which in-
2 
volve the simplest stable heteronuclear diatomic molecule (LiH) and 
homonuclear molecule (H 2) along with the simplest atom (H) and metal 
atom (Li) involved in either a hydrogen transfer reaction or hydrogen 
exchange reaction. 
The calculation of a ab initio potential-energy surface (PES) for 
the (Li,H2), (LiH,H) systems as a function of various geometries by 
means of a quantum mechanical formulation is the starting point for 
theoretical reaction kinetic studies, for example, using either transi-
tion-state theory (69) or quasiclassical trajectories (70,71) on these 
previously mentioned reactions. Such a calculated PES could be of use 
in vibronic energy transfer studies and it may also be used to investi-
gate translational-vibrational and translational-rotational energy 
transfer in these systems. 
A valence bond (VB) formalism is used in this study to generate a 
quantum mechanical PES for various geometries, in particular (C ) and 
2v 
(Coov) for the doublet spin states of the (Li,H2) and (LiH,H) systems and 




Due to the almost complete lack of both theoretical and experimental 
studies on these systems along with their importance· as typical exchange 
reactions and likely change transfer reactions involving a metal com-
ponent with an open shell configuration, these reactions appear ideal 
for further study. 
The use of a VB formalism herein with its builtin independent-
particle type interpretation would be of considerable value to theoreti-
cal chemistry. These studies would be of value also to exeprimental 
chemistry in order to better plan effective ways to overcome possible 





Up to the present time there has been no experimental investigation 
on the (Li,H2) and (LiH,H) systems. This is due in large degree to the 
high temperature region needed to boserve the reactive systems and the 
complication of experimental techniques due to high reactivity of the 
open shell Li atom. This problem is even more prevalent when examining 
the above system for energy transfer processes dealing with inelastic 
scattering such as vibrational or rotational excitation of H2 by col-
lision with a Li atom. 
Work has been done by Teonnies and co-workers (72) on the (Li,H2) 
system in terms of experimental measurements concerning vibrational and 
rotational excitation of H2 by bombardment with Li ions. This was 
accomplished by utilizing a crossed molecular beam apparatus incorpor-
ating a time-of-flight technique to measure the loss in energy of the 
scattered Li. 
In the closed shell system (Li+,H) one does not have to be concern-
ed with electronic excitation of the Li ions in the investigation of 
inelastic scattering where as this becomes a real, viable complication 




The semiempirical calculations in the literature concern another 
alkali metal, sodium (Na), with H2 rather than Li-H2 because there 
exists experimental data (73) on the quenching of excited Na(2 2P) by 
means of a nonadiabatic energy transfer with H to produce vibrational-
2 
2 
ly excited H2 and ground state Na(2 S). In this content semiempirical 
PES have been formulated to qualitatively explain this above phenomenon 
and these calculations are being discussed here in light of the great 
similarity between the Na-H2 and Li-H2 in terms of electronic struc-
tures. 
Magre and Ri (74) developed PES for the (Na,H2) system using simple 
VB theory neglecting any ionic-type wave functions. The London formula 
(75) was used to obtain PES for both the ground state and first ex-
cited state for this system in the linear (C ) geometry only. The 
oav 
Coulornbic energies and various exchange energies were approximated from 
Morse curves for the ground state NaH, H2 and the excited state NaH. 
The nonadiabatic quenching was not possible from their PES analysis for 
the ground-state energy did not cross with the excited state energy. 
They speculated that for the triangular geometry cc 2v) the PES of the 
ground and excited states would cross through an ionic NaH state 
intermediate thus enabling a nonadiabatic quenching of the sodium D 
line. 
La.idler (76) obtained a PES for the above quenching reaction, 
which included the ionic state (Na-H-H) PES, by use of the same London 
formula along with the Coulombic integrals and exchange integrals from 
Morse type curves for the diatomic molecules that can be formed from H 
and Na. The results definitely confirm Magee and Ri's speculation that 
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the quenching proceeds from the upper excited state of Na thru the ionic 
state intermediate (Na-H-H) and then to the ground state from the ob-
servation that the ionic state PES for C geometry intersects both the 
2v 
upper (excited) state and the lower (ground) PES of the system. 
Mori (77) used a pertubation theory format with various wave func-
tions of a product of a MO on the hydrogen molecule and an atomic orbi-
tal of the outer electron on the Na atom along with a charge transfer 
type wave function where the outer electron on the Na has been trans-
ferred to the H molecule, to investigate the quenching reaction involving 
excited NaH. In solving for the energy for the various PES states, all 
overlap integrals and integrals between non neighbors are neglected and 
no real difference between the perturbed and unperturbed Hamiltonian 
operators is assumed. From analysis of the resulting PES states, with 
the charge transfer state acting as the state through which nonadiabatic 
quenching is possible, Mori arrives at the same conclusion as Laidler 
concerning the quenching mechanism. 
Nonempirical Treatment 
Mayer and Schielep (78) used the method of Johnston and Parr (79) 
to calculate activation energies and rate coefficients at 1000 K for 
both the forward and reverse hydrogen transfer reactions in a linear 
reaction configuration involving lithium and hydrogen, namely; (1) 
Li+H2+LiH-H and (2) LiH+H+LiH2 reactions. The method of Johnston and 
Parr is a nonempirical treatment as it involves no adjustable para-
meters and used such bond properties as bond energy, vibrational wave 
numbers, and bond lengths to compute activation energies and rate 
coefficients. 
The activation energies for reaction (1) and (2) respectively at 
kcal kcal 
1000 K were computed to be 51.8 ~-1- and 6.1 ---1- and mo e mo e 
the rate coef-
3 cc 12 cc 
ficients were 2.04 + 10 1 and 2.69 + 10 mo es mole-sec 
Ab Initio PES Treatment 
Krauss (80) was the first to report an ab initio PES calculation 
on the Li-H system. He employed Roothaan's (81) open-shell method as 
2 
applied to a Hartree Fock calculation to compute the PES for the 2 s 
2 
and 2 P electronic states of Li with H with the intent of using these' 
PES for theoretical investigation of vibronic energy transfer in the 
Li H system. The particular vibronic energy transfer concerned was the 
nonadiabatic quenching of electronically excited Li (2 2P) atoms by 
energy transfer to the vibrational mode of ground state H2 . 
The analysis of the PES of Krauss yields similar results as those 
of previously mentioned semiempirical work (74,76) on the excited Na H 
system in that for the triangular geometry (C ), Krauss' Hartree Fock 
2v 
ground state PES, corresponding to a change transfer state (Li±H-H), 
did cross with the excited state PES at a H-H length of 2.0 a.u. and 
bisector length from Li to H-H of ~ 3.3 a.u. No crossing was observed 
in the linear (C ) geometry. Thus for the C geometry, Krauss's re-
oov 2v 
sults indicate there is no activation energy required for Li atom to be 
electronically excited by energy transfer from vibrational mode of 
ground state H2 and that nonadiabatic quenching of excited Li atom by 
energy transfer with the vibrational mode of ground state H2 is plausi-
ble from the Hartree Fack MO PES presented. 
Wahl and Das (82) used multiconfiguration self-consistent-field 
methods (MCSCF) to calculate an ab initio PES for the Li+H2+LiH+H reac-
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tion system. The MCSCF method for this system employs Roothaan's open 
shell SCF procedure where both the linear MO parameters and the mixing 
coefficients for various configurations are optimized simultaneously 
in terms of energy minimization in contrast to a normal SCF-MO-CI cal-
culation where only the mixing coefficients are optimized for fixed 
molecular orbitals. 
In the MCSCF formalism the various MO are orthonormal to each 
other and the basis sets are composed of Slater type orbitals in con-
trast to the usual Gaussian type orbitals used as basis sets in MO type 
calculations. Wahl used STO on the LI atom consisting of ls, 2s, 3s, 
2p-l, 2p+l, 2po functions and ls, 2s, 2p-l, 2po, 2p+l functions on each 
H atom. 
No specific energy values for the PES were given in the Wahl and 
DAS paper although they did state that, according to the energy values 
calculated and the MO character of the wavefunction, the reaction occurs 
for Li+H2+Li H+H only when the H2 internuclear distance increases to be-
tween 2.0 and 2.5 a.u. They did not state what reaction geometry gave 
the lowest barrier height, but it is reasonable that the linear con-
formation would lead to such. Their results for c 2v geometry confirm 
+ -Krauss' previous findings that indicate a large component of (Li ,H2 ) 
character for this geometry. 
Goddard and Ladner (83) used the SOGI method to construct a wave 
function for the Li+H2tr,i-H+H system and then constructed the PES for 
the system in the linear reaction geometry. The SOGI wave function is 
a spin-coupled and MO optimized wave function done in a SCF format. 
This SOGI method, which is based on optimum coupling of spin and space 
orbitals, allows one to look at the resulting wave function in terms of 
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an independent-particle interpretation as it obleviates the Hartree-Fock 
dilemma as to trying to get correct spin symmetry and proper dissocia-
tion occurring as bonds are broken. This is why Goddard has termed this 
type of wave function as a generalized valence bond (GVB) function even 
though its one electron orbitals are MO and energies are solved by a 
SCF methodology. Contracted sets of Gaussian functions are used as 
basis sets for the MO in their work. The saddle point for the Li-H+H+ 
Li+H2 was consistent with Hammond's postulate (84) for the quite 
exothermic reaction (-51.3 kcal/mole, neglecting zero-point energies) 
in that the linear saddle-point is at R . = 3.20 a.u. and R4 = 3.10 LiH -H 
a.u. compared to the Li-H bond length of 3.09 au and H2 bond length of 
1.425 au. The calculated barrier height is 5.1 kcal/mole at the saddle-
1 point which is about 10 the energy of the LiH bond (50.3 kcal/mole). 
This barrier height is a least 2 kcal/mole higher when they considered 
the zero-point energy difference of LiH and the linear transition state. 
In the reverse reaction: Li+H2+LiH+H the barrier height energy is 
46.18 kcal/mole and the H2 bond length changes only very gradually as 
the Li approaches. Hence it would appear that very few collisions 
would lead to a scattering path passing near the saddle-point. Thus, 
even though the total energies may be well above that required to pass 
over the barrier height, if the H2 is not vibrationally excited, which 
enables the reaction cross section to remain quite low, very few col-
lisions will lead to reaction (83) 
Goddard's conclusion (83) is that the reverse reaction: Li+H2 + 
LiH+H would require vibrationally excited H2 . For example, for H2 in 
the v=6 vibrational state the system has 7 kcal/mole more energy than 
required to go over the reaction barrier. The average value of RH-H 
79 
for this vibrational state is 2.19 au which would foster higher reaction 
cross sections vital for increased probability for the reaction to oc-
cur. 
By use of his orbital phase continuity principal (OCPE), Goddard 
(83,85) relates the gerade or ungerade characters of the outer molecular 
orbital centered on the Li atom and that of the molecular orbitals cen-
tered on each H atom with the condition that bonding orbitals will be 
as orthogonal as possible with the nonbonding orbitals in the transi-
tion-state region. From the above he arrived at the conclusion that 
the LiH+H+Li+H2 reaction should have a low activation energy associated 
with it, while for the reverse reaction, the activation energy should 
be much higher. Both are indicated to be so from the barrier heights 
found from his PES results (83). 
Anderson (86) uses 12 points from Goddard's (83) ab initio surface 
for linear Li+H2:tLiH+H reaction to construct an analytic expression of 
the form: 
where R1 and R2 are the distances from the central nucleus (H) to the 
other nuclei (H,Li), w01 and w02 are ground state diatomic potential 
functions for LiH and H2 , respectively and A,B,C, and D are adjustable 
parameters which are A=3.1142 au, B=0.02335 au, C=3.2172 au, and 
0=3.7384 au. Such an analytical expression should be useful in one-
dimensional scattering work and should also be flexible enough to in-
elude modifications to take into account angular dependence of the 
energy when such ab initio energy points for the nonlinear systems are 
available such as those found from this study. 
CHAPTER IX 
METHOD 
In this section the valence bond (VB) formalism used in this study 
to formulate the doublet electronic state of the (Li,H,H) system and its 
corresponding ground state PES is described. One-electron atomic orbi-
tals multiplied by spin a or e constitute the spin orbitals used as 
basis functions for the system. The atomic orbitals are STO's and the 
following are used: ls and 2s on Li atom, ls on each H atom. The (Li,H, 
H) system is a 5 electron system and the following unnormalized product 
wave function ($), written in the form of Slater determinants to satis-
fy the antisymmetry property of the electronic system, are used in the 
context of the VB formulation to obtain the doublet electronic states 
for the system: 
$1 = la(l)a(l)a(2)S(2)b(3)S(3)c(4)a(4)d(5)2(5) I (33) 
$2 = la(l)2(l)a(2)B(2)b(3)2(3)c(4)2(4)d(5)B(5) I (34) 
$3 = la(l)2(l)a(2)B(2)b(3)2(3)d(4)B(4)d(5)2(5) I (35) 
$4 = laC1)2(l)a(2)B{2)d(3)2(3)d(4)B(4)c(5)2{5) I (36) 
$ = 5 
laC1)2(l)a(2)B{2)c(3)2(3)c(4)B(4)d(5)2(5) I (37) 
In the above $'s a is a Slater ls atomic orbital on Li, b is a 
Slater 2s atomic orbital on Li, c and d are ls Slater atomic orbitals 
centered on each of the H atoms in the system. That is: 
80 
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c d (38) 
where N1 ,N2 ,N3 ,N4 , are the normalization constants for the corresponding 
Slater orbitals and o1 , o2 , o3 are screening parameters for the Slate4, 
orbitals with the screening parameters of the two H atom STO's set 
equal to each other in order to limit the screening parameters to three 
in number to reduce the number of different integrals involved. 
The first three ~·s are nonionic valence-bond functions which yield 
from the secular equation the two doublet states and quartet state. To 
obviate this problem (59) we construct two linear combinations of these 
in order to yield the doublet energy values from the secular equation 
without the quartet energy state. The resulting unnormalized wave func-
tions which yield the doublet energy state are: 
~2 - ¢3 and 1ji2 ~3 - ~l ( 39) 
and correspond to nonionic doublet VB wave functions for the (Li,H,H) 
system where ijll and 1ji 2 can be pictured as representing a combination of 
the Li-H2 and the LiH-H bonding scheme. ijll and iJi 2 differ in which H 
atom is bonded to the 2s orbital on the Li atom in the LiH-H structure. 
Now let 1ji3 = ¢4 and 1ji4 = ¢5 • 1ji 3 and 1Ji 4 are ionic valence-bond 
+ -
functions representing the Li H +H doublet ionic bonding scheme. 
The total VB wave function is assumed to have the form: 
4 
'¥ = . E1 C. 1ji 1, i= l. 
that is, a linear combination of the various nonionic and ionic state 
ijl's where the C. are the coefficients which are minimized by the Varia-
i 
tion Principle to yield the corresponding 6x6 secular equation. The 
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lowest root from the transformed diagonalized Hamiltonian matrix for the 
system yields the ground-state doublet energy for (Li,H,H) system in the 
context of the VB formalism used here. 
Each of the $'s consist of 5x5 Slater determinants, which when 
combined with another $ and either the identity operator or the Hamil-
tonian operator to form the matrix element, will yield upon spin inte-
gration a sum of twelve nonzero elements for each<¢.!¢.> and<¢. 181¢.>. 
J._ J J._ J 
Six of the terms in the sum will be negative in sign and six will be 
positive depending whether the permutation is even or odd. That is, 
for example, 
<aabcdjH!adcad> - <aabcdjttjaacdd> - <aabcd!Hlcadda> 
+<aabcdjH!caadd> - <aabcdjH!ddcaa> + <aabcd!Hjddaac> 
-<aabcdjHjdaabc> + <aabcdjHjcddaa> 
+<aabcdjHjdacda> - <aabcdjHjcdaad> (40) 
and 
+<aabcdjadcad> - <aabcdjaacdd> - <aabcdlcadda> 
+<aabcdjcaadd> - <aabcdjddcaa> + <aabcdjddaac> 
-<aabcdjdaadc> + <aabcdjcddaa> 
+<aabcdjdacda> - <aabcdjcdaad>. (41) 
Thus, the overlap matrix elements consist of overlap integrals 
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between the Slater basis functions. These were obtained from analyti-
cally expressions given by Roothaan and coworkers (87). 
The individual five electron product integrals containing the 
Hamiltonian operator (H) for the system require first the expression for 
H itself. In atomic units it has the form: 
A !. v2 !. v2 !. v2 !. 1/2 !. v2 3 H - -- -2 1 2 2 2 3 2 4 2 5 rlA 
1 1 3 1 1 3 1 - -- -
r2B r2C r3A r3B r3C r4A r4B 
1 1 1 1 1 1 1 - -- + --+ --+ --+ --+ --+ 
r3C rl2 rl3 
1 3 3 +--+--+--+ 




rlS r23 r24 
1 1 3 
rlB rlC r2A 
1 3 1 
r4C r3A r3B 
1 _l_ + 1 + --+ 
r25 r34 r35 
(42) 
where A stands for the Li atom nucleus and B and C represent the two H 
atom nuclei. 
A 
In writing the H expression the Born-Oppenheimer approximation (63) 
is used and no spin coupling or relativistic terms are included. Thus, 
from the integrals that contain the H operator one gets electron kinetic 
energy integrals; one, two and three-center nuclear-electron attraction 
integrals; one, two, and three-center electron-electron Coulombic and 
exchange integrals, along with the nuclear repulsion integrals. The 
one-and two-center electron kinetic energy integrals, one-and two-center 
electron nuclear attraction integrals and the one-and two-center 
Coulombic integrals were all obtained from analytical expressions given 
by Roothaan and coworkers (87). The two-center electron-electron hy-
brid integrals were solved analytically based on work by Ruedenberg (88) 
and Rosen (89). The two-center electron-electron exchange integrals, 
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except one, were found by first applying Mulliken's approximation (48) 
which reduces them to a sum of one-and two-center Coulombic integrals 
which were analytically calculated as previously described. The two 
center electron-electron exchange integral between the two ls electrons 
centered on each H atom was calculated analytically from expression 
given by Slater (65) in correlation with the use of Hasting's expression 
(66) for: 
00 1 -u f e du where u is a dummy integration variable and x is x µ 
equal to 2oR. All the three-center integrals werechanged to a sume of 
two-and one-center integrals by the use of Mulliken's apprroximation 
which then were analytically solved. All integrals are listed in the 
Appendix of the thesis. 
The use of permutation rules (59) and the fact that the wave func-
tions are Hermitian allows one to reduce the number of terms one actual-
ly has to calculate in this system. 
(i.e. <aabcdjHjbadca> = <aabcd!Hjdaacb>) (43) 
But in the end there are 105 terms of the form <aabcdjbaacd> and 
<aabcdjH!baacd>, etc., which have to be calculated. The screening 
parameters, o1 , o2 , o3 , are left as adjustable constants in the result-
ing one-and two-electron integrals so that they too can be varied to 
minimize the energy for different geometric configurations. 
The analytic expressions for the one-and two-center electron in-
tegrals were checked from Matsen's VB work (90) on the LiH where numer-
ical values were given for the LiH molecule at its equilibrium value. 
The 105 terms that present themselves after spin integration on the 
matrix elements in the secular equation were checked at the Li-H2 , 
LiH-H, and Li-H-H geometric configurations along with the syrrunetric 
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linear geometry (H-Li-H) to see if indeed some of these 105 terms become 
equal to each other or equal to zero as required from symmetry consider-
ations. Finally the system was put in the LiH-H,Li-H2 and Li-H-H geo-
metries to see whether the secular equation gave the doublet ground 
state energies that were compatible with experimental energy values for 
these asymptotic geometric limits of the (Li,H,H) system. 
CHAPTER X 
RESULTS AND DISCUSSION 
The first value to be presented and discussed here are the appro-
priate limits for the separate atom and molecule systems: Li-H and 
2 
LiH-H. These values are given in Table V along with Goddard's results 
(83) and the experimental limits (91,92). A word here about the LiH-H 
limit. The H-H distance in the VB method used herein was taken as 21.6 
au which is a large enough H-H distance to represent the LiH-H system 
limit satisfactorily as it is well outside any van der Waal interaction 
region between the two hydrogen atoms. For HH distances greater than 
100 au, the VB calculations herein gave a LiH-H limit energy which was 
~ .1 ev higher in energy than the saddle-point energy of the linear 
LiH-H system to be discussed later. For these reasons the energy for 
LiH-H limit was taken to that corresponding to R = 21.6 au and 
H-H 
R . = 3.30 au at is equilibrium value. It appears that for H,H>lOO au 
LiH 
the associated energy for the LiH-H system in comparison to the saddle-
point energy of the LiH-H system is an artifact. This is due to the 
use of Mulliken's approximation for the two-center exchange integrals 
involving the ls and 2s orbitals on Li atom with the ls on the H atom 
comprising the LiH molecule and their interaction with other terms in 
the 4x4 secular matrix as extremely large internuclear distances of H,H 
(100 au) are achieved. For the Li-H2 system limit no similar discrep-
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As is seen from Table V the absolute value of Li-H2 and LiH-H 
limits for the VB method herein are approximately 3 eV too high for both 
limits when compared to the experimental values. The calculated exo-
thermic heat of reaction (neglecting zero point energies of H and LiH) 
2 
for the reaction LiH+H+Li+H2 is -51.468 kcal. for the VB method. This 
is within 1 Kcal/mole of that calculated from the experimental energy 
values for Li-H2 and LiH-H (91,92) and that found from Goddard's data 
(83) • 
The equilibrium internuclear separation of LiH in the LiH-H sepa-
rated limit was found to be 3.30 au as mentioned previously. This is 
larger than experimental equilibrium value of 3.015 au or Goddard's 
value of 3.092 au. This is a consequence of the use of Mulliken's 
approximation for the two-center exchange integrals involving the ls 
and 2s orbitals of the Li atom with the ls orbital on the H atom com-
prising the LiH molecule. Mulliken's approximation is proportional to 
overlap integral square so these two-center exchange integrals will 
have a higher value at the experimental equilibrium internuclear dis-
tance than the analytical values of such. Thus, in order to lower the 
energy of these electron-electron type integrals, thereby lowering the 
system energy, the equilibrium distance of R . does increase to the 
Li-H 
VB found value of 3.30 au. The equilibrium value of the H-H bond dis-
tance in the Li-H 2 separated limit (1.41 au) is in excellent agreement 
with both the experimental H-H equilibrium bond distance (1.4008 au) 
and Goddard's value (1.426 au). This is to be expected due to the fact 
that all nonzero integrals which are present in such a configuration 
are analytically obtained along with the fact that the VB method should 
yield good correlation here with the experimental value due to the Li-H2 
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limit representing a primarily covalent bonding type situation. 
The VB result for the Li+H+H limit was found to be -229.058 ev. 
This was the first limit found of the three mentioned (LiH-H and Li-H2 
being the others) and was used in the initial stages of checking for 
computer program errors. 
In all the above work and subsequent work to be discussed the best 
values the screening parameters in the ls and 2s orbitals on the lithium 
atom that resulted in minimized system energy were the Slater values 
(60) for each, namely: 2.70 for ls of Li,0.65 for 2s of Li. The best 
value for the screeing parameter in the ls orbital on the H atoms were 
found to be 1.16 for H-H distance <1.6 au, 1.08 for H-H> 1.6 au but 
<1.8 au, 1.0 for H-H distance> 1.8 au. 
The first potential-energy surfaces to be discussed are those re-
lated to likely reaction geometries for the reaction: LiH+H+Li+H2 . The 
three geometries studied were the linear configuration, a configuration 
with the H-H bond inclined 45° relative to the horizontal line containing 
the LiH bond, and the configuration with the H-H bond inclined 90° rela-
tive to the horizontal line containing the LiH bond. These are pictured 
in Figures 24 thru 27. The contour line values are listed in ~able IX. 
Thus, one has a straight line, an obtuse triangle, and right triangle 
formed, respectively from the above three reaction surfaces studied. 
The saddle point and associated barrier height energies relative to the 
LiH-H limit are given in Table VI. One sees that the linear configura-
tion gives the lowest barrier-height energy (6.2 kcal/mole). Agreement 
with Goddard's value (83) of 5.1 Kcal/mole for this configuration is 
good. The LiH and H-H internuclear distances at the saddle point, 3.50 
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Figure 24. PES for Li-H-H in 135° Obtuse Triangle Configura-
tion 
90 









1.3 1.975 2.65 3.325 4.0 
H-H DISTANCE IN a.u. 




RCLl-H> IN AU 






\Y ' . . - - -
RCLl-H> IN AU 




surf ace f or H-Li-H 
94 
TABLE VI 
BARRIER HEIGHT ENERGIES AND SADDLE POINTS FOR LiH+H + 
REACTION FOR VARIOUS CONFIGURATIONS 
L '+H 1 2 
Configuration 
Linear (Li-H-H) 
Obtuse triangle (Li-H~H) 





::: 17 .o 


















3 .04 a.u. 
4.0 a.u. 
3.0 a.u. 
BARRIER HEIGHT ENERGIES AND SADDLE POINTS FOR Li+H2 + LiH+H 


















= 3.14 a.u. 
3.53 a.u. 
3.04 a.u. 
RLiH ., 4 • 0 a • u • 
RH-H ::: 3.0 a.u. 
+Relative to Li+H2 separated limit of -232.7487 e.V. 
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(RL.H = 3.20 au, R = 3.1 au). Also one can see that going from the 
1 H-H 
linear configuration to the right triangle configuration the barrier-
height energy increases by a factor of 3; the R . distance increases 
LiH 
from 3.5 au to 4.0 au; and the R distance declines slightly from 3.14 
H-H 
au to 3.0 au. This is a manifestation that as the three atoms get rela-
tively closer together as they go from a linear configuration to one of 
a right triangle there will be more significant electron-electron re-
pulsion terms and nuclear-nuclear repulsion terms present. These are 
compensated for by the increase in the saddle-point distance of LiH with 
only nominal decrease in H-H distance. The saddle-point values associ-
ated with the 90° VB surface for Li-H-H (right triangle configuration) 
were determined by extrapolation to the saddle-point region from the use 
of Figure 27. The saddle-point values associated with the linear and 
obtuse triangle conformations of the Li-H-H system were found exactly 
from a point grid analysis in the saddle-point region. A comparison, 
given in Table VII, of the VB results with a recent full CI calculation 
by Raff (93) for the linear Li-H-H configuration indicates that the 
average absolute difference between the two is 7.0 Kcal/mole. This 
quite good considering the limited basis set in the VB method. 
Like that of Goddard's PES (83) for the linear Li-H-H system, we 
see from Figure 24 that starting at the LiH end and proceeding along 
the reaction path that the LiH bond length increases slowly as the H 
atom comes closer. This would indicate that vibrational excitation is 
not expected to be important in overcoming the barrier height as trans-
lational energy alone should be adequate (94). The barrier height for 
the reverse reaction Li+H+LiH+H is 58.5 kcal for the linear configura-
tion in reference to the Li+H2 system limit energy of -232.7487 e.V. 
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TABLE VII 
COMPARISON OF VB AND CI RESULTS FOR Li+H+H COLLINEAR SURFACE 





















































































































































































































, llll'13 311 
II, 11<,ti 3111 
11,357169 








AVERAGE ABSOLUTE DIFFERENCE 
7.001863 kcal/mole 
Both E(VB) and E(CI) values are barrier height energies relative to the 
Li-H+H limit energy. 
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This barrier height and those for the other configurations are listed 
in Table VI. Also, as in Goddard's PES for the linear (Li-H2) system 
(83), the H2 bond length changes only very gradually as the Li atom 
approaches and does not lead naturally to the saddle point (Figure 24). 
This would appear to indicate that H2 will have to be in an excited 
vibrational state. If the H2 is in a low vibrational state, for exam-
ple the v = o state, which has a classical turning point for H2 of~ 1.75 
au, very few collisions would lead to a scattering path passing near 
the saddle point (83). 
Two-dimensional contour plots of the various LiH-H conformation 
are presented in Figures 24 thru 27. In Figures 31 thru there are pre-
sented perspective three-dimensional energy plots for the various Li-H-H 
conformations. 
Results for various reaction surfaces for the LiH+D + LiD+H 
exchange reaction are now presented in Figures 28-30. It was found 
0 
that for conformations where the H-Li-H bond angle was 90 or greater 
that no saddle point was found but there existed a slight well realtive 
to the LiH-H energy limit. The point at the minimum of the well and 
their associated configurations and energies are presented in Table 
VIII. Recent work by Raff (93) using a full CI format on these surfaces 
reveal no wells. Hence these very slight wells are an artifact in this 
study as a result of the use of Mulliken's approximation along with the 
fact that very little H-H bonding is occurring in those configurations 
where the H-Li-H bond angle is 90° or greater while appreciable bonding 
resonance centered on the LiH bond is present. The VB formulation used 
here is not as responsive to studying cases as above where there is 
little H-H bonding and appreciable LiH resonant bonding (ionic included) 
contrary to previously discussed Li-H-H configurations where there is 
appreciable H-H bonding as well as LiH bonding. 
TABLE VIII 
WELL ENERGIES AND ASSOCIATED POINTS FOR VARIOUS 
R R' 
H - Li ~ H CONFIGURATIONS 
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Minimum Well Internuclear Distance 
Configuration Energy (kcal/mole) at Minimum Well Energy 
Linear (H-Li-H) -1.6 R = R' 3.55 a.u. 
0 (H-Li/H) 135 obtuse triangle -1.5 R = R' 3.55 a.u. 
H 
Right triangle (H-l) -0.3 R = R' 3.57 a.u. 
*relative to the LiH+H separated limit of -230.4819 e.V. 
However the results do show as the H-Li-H angle is decreased from 
180° the system energy increases as one would expect, denoting a less 
energetically favorable reaction pathway for the D+LiH + LiD+H exchange 
reaction. For the H-Li-H configuration where the H-Li-H bond angle is 
45° and the LiH distances are comparable to those in Table VIII, the 
corresponding energy (-229.211 e.V.) is considerably higher than tha.t 
of the LiH+H energy illustrating what was said previously concerning 
the amount of H-H and LiH bonding being present. 
The various H-Li-H surfaces are given in Figures 28 thru 30. The 
corresponding contour line values are given in Table X. The most 
notable feature of these surfaces beside the shallow well is the re-
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TABLE IX 
ENERGY CONTOUR VALUES FOR FIGURES 24 AND 25 
Line No. Energy Value 






















CONTOUR VALUES FOR FIGURES 26 THRU 30 
Identification Contour Value* 
A A A A -15.000 Kcal/mole 
B B B B -13.000 
c c c c -11. 000 
D D D D - 9.000 
E E E E - 7.000 
F F F F - 5.000 
G G G G - 3.000 
H H H H - 2.000 
I I I I - 1.000 
J J J J - 0.000 
K K K K - 1.000 
L L L L - 2.000 
M M M M - 4.000 
N N N N - 6.000 
0 0 0 0 10.000 
p p p p 15.000 
Q Q Q Q 20.000 
R R R R 25.000 
s s s s 30.000 
T T T T 35.000 
u u u u 40.000 
v v v v 45.000 
w w w w 50.000 
x x x x 55.000 
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R<Ll-H> IN AU 
Figure 30. 90 Degree VB Surface for H-Li-H 
Figure 31. 3-D Plot of Li-H-H in Linear Configur-
ation 
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~· 
Figure 34. 3-D Plot of Li-H-H in 45 Acute Triangle 
Configuration 
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flective symmetry of the surfaces 'around the 45° line which indeed 
should be the case for these surfaces. 
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CHAPTER XI 
CONCLUSIONS AND RECOMMENDATIONS 
From the PES for the LiH+H + Li+H2 reaction it appears that the 
linear configuration has the lowest barrier-height energy in comparison 
to the obtuse triangle and right triangle configurations. This is 
true also for the reverse reaction Li+H2 + LiH+H. It appears that 
vibrational excitation of LiH is not needed in the LiH+H reactant sys-
tem whereas H2 vibrational excitation is needed in the Li+H2 reactant 
system as indicated by the PES for the linear configuration. The 
barrier-height energies for the above two reactant systems in the 
linear configuration agree favorably with the ~priori calculated acti-
vation energies for such (78). 
A relative comparison of the results of this study indicate that' 
on barrier-height energy considerations alone, the hydrogen-exchange 
reaction (LiH+D + LiD+H) requires less energy than either the hydroger 
displacement (LiH+H + Li+H2) or hydrogen addition (Li+H2 + LiH+H) reac-
tions. 
Although some artifacts appear in this study, the overall good 
comparison with a full CI calculation indicates that an important value 
of this VB study and ones in the future would be to use such to locate 
saddle-point regions of systems first in much less computer time than 
that required by a full CI type calculation. These regions then coul~ 
be explored fully by the more sophisticated and complete CI method. 
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Thus, the VB method would be used as a screening procedure for more 
complete and computer time consuming methods. 
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APPENDIX A 
FOR H4 SYSTEM STUDY 















= - - e (oR+l)/R 
<ab 1-1-1 ab> 
rl2 






= - - e ((oR) 3/6 + 3(oR) 2/4 + llOR/8+1) 
R R 
.2acc-e-20R>C-3.125 + 5.75 c20R) + 10 c20R> 2 > 
3 
+ (612oR) (Y2 (G + ln (2oR) )-w2 
(Ei(-4oR)) + 2YW (Ei(-2oR))) 
-oR 1 2 
Y = e (l+oR + J (oR) ) 
oR 1 2 





G = .57721566 
co 1 -u 
Ei(-4oR) = r4 - e du aR u 
Ei (-2oR) 
co 1 -u 
= f 2oR u e du 





FOR H4 STUDY 







<abl-1-!cd> ,. <alc><bld> (<abl-1-lab> + <adl-1-lad) 
rl2 4 rl2 rl2 
+ (bcl_.!_lbc> + <cdl-1-lcd>) 
rl2 rl2 
<acj-1-jad> '" <cld> (<acj-1-lac> + <adl-1-lad>) 
rl2 2 rl2 rl2 
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<ac 1-1-1 ca> 
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<ad 1-1-1 dd> 
rl2 
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COULOMB INTEGRALS HYBRID INTEGRALS 




<cd 1-1-j dd> 
rl2 
<cd j-1-1 cc> 
rl2 
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ONE CENTER INTEGRALS TWO CENTER INTEGRALS THREE CENTER INTEGRALS 






<cc 1-1-lcc> = <dd 1-1-jdd> <al-1-jd> <al-1-jd> 
rl2 rl2 rlA rlb 




















<cl-~v2jd> <aa 1-1-1 cd> 
rl2 
<bl-1-lb> <al-~v2lc> <ab 1-1-1 cd> r 
rl2 lA 
<cl-1-lc> = <dj-1-jd> 
rlB rlC 
<bl-~v2lc> <bd 1-1-1 Cb> 
rl2 
ONE CENTER INTEGRALS 
<bj-12v 2 ja> 














THREE CENTER INTEGRALS 
<ae j-1-1 ed> 
rl2 
<ad j-1-j ed> 
rl2 












<bd 1-1-j de> 
rl2 
<ae j-1-1 ad> 
r12 
ONE CENTER INTEGRALS 
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